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Abstract

Chemical processing plays an integral part in momtufacturing operations. While the purpose
of each industry is to meet different manufactumhgectives, most chemical processes include at lea
one or more of the four common operations: prealgemeaction, isolation, and purification. Proges
operations may be continuous in nature and opéwateng periods of time or they may consist of pan
discrete events and operate in a batch wise fashion

Measuring the air emissions from a boiler or ott@nbustion operation is largely accomplished
through stack sampling and analysis. However,sagsg the air emissions that occur from a chemical
process is much more involved since the processtplace at different intervals throughout the
manufacturing operation. The emissions that odouing a combustion operation are fairly prediatabl
and largely dependent upon the fuel that is besegliand the boiler performance. Emissions thairocc
during a chemical process depend upon the soldeatsre used, the chemicals that required asasell
the specific types of unit operations that arecfotd.

Having established calculation procedures thatoeaapplied to all chemical processes without
regard to industry is important because it standashe environmental analysis while at the same t
normalizes environmental regulations. The purmdghis document is to review many of the air
emission calculation models that are containediif BocumentChapter 16: Methods for Estimating
Air Emissions from Chemical Manufacturing Facilities, August 2007.



INTRODUCTION

Chemical processes vary not only across differahistries but also within the same industry. hEac
process is governed by a specific chemical pathamalythe required unit operations to meet primary
production objectives. However, when one examsse®ral processes across many industries then it is
easy to see that they all share certain commounresat Most chemical processes include at leasbone
more of four basic operations: preassembly, reagcisolation, and purification. For example, a
chemical process that produces a final product frmmmaterials would most likely include a
preassembly step (where raw materials are comlmtd presence solvents), a reaction step (where
different raw materials react through the desigrieemistry), and isolation step (where product is
separated from process streams), and a purificategn(where process impurities are removed fram th
final product). A solvent recovery operation wourdlude an isolation step (where the pure solient
separated form the spent process solvent) angborifcation step (where the solvent quality istfiar
refined).

From the perspective of air emissions calculatiomsst processes can be modeled using one or
more of seven basic air emission equation modeiese models include but are not limited to filling
gas sweep, vacuum operation, gas evolution, engsyel purge, depressurization, and heating. These
key equation models along with many worked illustrzs are presented Chapter 16: Methods for
Estimating Air Emissions from Chemical Manufacturing Facilities. A resent additional to the Chapter
16 manuscript was a completely new section pertgito the emission calculations for single stagd ve
devices such as vent condensers, vacuum pumpsaandm steam jets. The final document was
published in August 2007. The purpose of thichrtis to provide a brief overview of many of theyk
topics and equations that are contained in the €©h4p document.

BODY
Ideal Gas Law Models

Filling and process transfer operations.

Filling and process transfer operations are perttasost widely used processing procedures follbwe
in industry. Filling is used when the chemical igter must place different raw materials, process
intermediates, and solvents into a vessel in pedjoar for a chemical reaction. Once the reactson i
complete then the batch must typically be trantféhe next vessel where water or a different pgsce
solvent might be charged as part of an extractpmration.

Every time solids or liquids enter the process &kesoncondensable gases and solvent vapors
contained in the headspace of the vessel at tleertiost exit. It is this aspect of the charge andfer
operation that leads to air emissions from the ggewent. The volume of process material tharente
the vessel is generally equal to the volume oftgasis displaced form the vessel headspace. dthk t
moles of gas that are emitted from a displacempetation can be calculated using the ideal gasakaw
follows:
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Where

E, are the moles of gas that are displaced by tlegfibperation
P is the system pressure of the vessel headspace

V is the displacement volume

T is the temperature of the gas that is exitirggubssel

R is the universal gas constant

The vapor composition in the headspace is anotmgoritant factor when considering air
emissions from filling operations. Raoult's Lawyrae used in conjunction with activity coefficients
estimate the component vapor pressures in the paeelsrom the batch composition as shown in
Equation (2).

Equation (2): p, = x )P

Where

pi is the partial pressure of liquid component i

X; is the mole fraction of component i in the liquid

vi is the activity coefficient of component i in theuid

R, is the pure component vapor pressure of companent

Finally, Equation (1) and Equation (2) can be cometiin Equation (3) to calculate the moles of
each volatile component that are emitted from a&elesom a filling operation.
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Equation (3):n. = ——
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Where
n are the moles of componadrthat are emitted

Assuming that the vessel is empty prior to thet stiathe filling operation, then these equations
may be used to calculate the emission quantityolieomponent in the vessel headspace.

Complicating factors arise when the vessel alreaajains process material of the different
composition at the start of the filling operatidfthe filling operation takes place by way of subface
addition (where the inlet stream enters the vdsslelw the surface of the batch) then a set ofiditut
factors can be calculated for estimating the awelsich composition to use for Equation (2). Gn th
other hand, if the filling operation takes placeamabove surface fashion (where the inlet stre@ere
the vessel through an upper port and falls fresly ihe batch through the vessel headspace) theen on
would need to compare the component vapor pressiitbs inlet stream to those based on the average
batch composition (using dilution factors) and téke greater component vapor pressure to use in
Equation (3). The reader is referred to the Chaliedocument where mixing dilution factors are enor

fully described.



Partial Pressure Ratio Models

The ideal gas law plays a major role in most ofdhession calculation models. Given components A
and B in the gas form the following ideal gas lahationships can be written:

Equation (4): n, = FI)Z?I\'/ = pRB'I\'/

Where

n,, N = moles of component A and B in the gas form,
P, P = partial pressure of component A and B,

\Y = gas space volume,
R = ideal gas constant in consistent units,
T = is the temperature of the system.

Both expressions in Equation (4) can be combinedraarranged to show that the ratio of the
moles of component A and B is equal to the ratithefpartial pressures.

Equation (5):&=—IOAV/F\)T = Da_Pa
ng  PaV/RT Ng  Ps

Finally, Equation (5) can be rearranged to showttiemoles of component A can be calculated
from the moles of component B and the ratio ofttixe partial pressures as shown in Equation (6).

Equation (6):n, =ny %

B

Equation (6) is used repeatedly throughout Chdiien many of the models as a means of
calculating the moles of condensable compon&oim the moles of the noncondensable component
(air, nitrogen, ...) and the ratio of the two parpatssures as shown in Equation (7).

Equation (7):n, = nnci
nc
Where
n, = moles of condensable componelgaving the process,
Npe = moles of noncondensable gas leaving the process,
P, = partial pressure of component
Prc = partial pressure of the noncondensable component
Gas Sweep

The use of a noncondensable gas in chemical piogassa very common practice. For example,
nitrogen is used for safety reasons to inert tlagipace when the vessel contains a highly flammable
solvent. At other times, a nitrogen sweep is usqurevent moist air from entering the vessel and
causing chemical impurities to form in the batcle tluthe presence of moisture in the process. tkde
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different scenario, large amounts of air can swaapss the batch liquid surface as solids are being
charged into the vessel and a strong suction exiigte vent discharge.

At times when the vessel contains volatile solvamid a nitrogen gas sweep is used to inert the
vessel or to prevent moisture from entering inghocess then a different approach is used to
calculated the solvent emissions from the operatlarmost chemical processes, the nitrogen flae ra
is sufficiently low that one can assume that thie gas from the vessel is completely saturated with
solvent vapors from the batch. This would certabvé the case in the pharmaceutical industry where
high chemical purity is critically important. Itauld also be the case in other industries wheregs®
reactors and other conventional equipment are weebin the process.

However, in certain industries such as paint martufang there can exist large dispersion
vessels with flat covers featuring large solidsrghachutes and a retractable agitator assemblgrayst
A ventilation system for this type of process ofieracan impart a large air sweep across the liquid
surface. The assumption that the exit gas is &dlyrated when the gas sweep rate is high isatiok v
Under high gas sweep conditions the liquid solvenihable to evaporate and diffuse away from the
liquid surface fast enough to maintain saturateditmns. Equation (8) is the basic relationshigttis
used to calculate the solvent vapor emission rasedbon the condensable gas sweep rate, the vapor
pressure of the solvent, and the solvent vapora#a level. Equation (8) is an implementation of
Equation (7). Detail procedures for calculating aturation factor (Bare discussed Chapter 16.

sat
i = ER—ncsl pisat

Equation (8): E,, = E

R-nc

Where

Er.i is the molar flow rate of solvent component i lgegmitted,
p™ is the saturated vapor pressure of component i,

P is the saturated partial pressure of the noncesatge gas (i.e. air, nitrogen) at
saturated solvent conditions.

Vacuum Operations

Several process operations are carried out undeiuwa conditions. For example, it is not uncommon
for a batch or continuous distillation to be penfied at reduced pressure as a means of operatng at
below normal boiling temperature of the batch. Man pumps and/or steam jets are connected to the
process vent and are used for maintaining theetesmcuum level. When a vessel containing a volume
of solvent liquid is placed under vacuum for lorggipds of time then air will leak into the procedghe
flanges and fittings. Air that leaks into systeames in contact with the solvent before finallytiex

the vessel through the vent to the vacuum pump.

The solvent emissions that occur from vacuum operais calculated in a similar manner as the
standard gas sweep model for a partially filledseéassuming 100% saturation. Air leaving theesyst
is considered to be the noncondensable gas companérthe moles of solvent vapor that is emitted
from the vessel is calculated by the ratio of thdipl pressure of the solvent vapor to the partial
pressure of the air. The ideal gas law relatioosfEquation (7) are applied to Vacuum Operatians a
shown in Equation (9).



Equation (9): E = ER_nCi

nc

Where

Er.i is the molar flow rate of solvent component i lgegmitted,

Er-ncis the molar flow rate of the noncondensable campbbeing removed from the
system,

p; is the vapor pressure of component i,

P, IS the partial pressure of the noncondensabléigasir, nitrogen).

Gas Evolution

Solvent emissions that occur during a chemicaltr@aevhen one or more gases are generated can be
calculated similarly to the gas sweep and the vacoperation models. In the Gas Evolution model,
gas that is generated by the reaction is considerbd the noncondensable component which is
saturated with solvent vapors as it exits the mracthis is shown in Equation (10).

Equation (10):E,_, = Ex_,,, P

rxn

Where

Er.i Is the molar flow rate of solvent component i lgegmitted,
Er-mn is the molar flow rate of the reaction off gasvieg the system,
p, is the vapor pressure of component i,

P, IS the partial pressure of the reaction off gas fHCl, SO2, N2).

Emission Models Due to Dynamically Changing ProcesSonditions

When system conditions change such as the prelssaoenes less or the temperature becomes greater
then emissions will occur from the process. Théhematics that relates changing process conditmns
the emission are more complicated than the pregedeal gas low models.

Empty Vessel Purge

When a vessel becomes empty after the batch hagtaesferred to another vessel, then nitrogen is
often used to displace the remaining solvent vajgt®¥ehind by the process. In this case, thiaini
amount of solvent vapor that is contained in th@tymessel at the beginning of the empty vesseaig@ur
can be calculated using the known partial pressitiee solvent vapor and the ideal gas law. Howeve
as the empty vessel continues to undergo a puidjgagpors leave the vessel then the remaining sblven
vapor concentration becomes less and less over fithe net emission of solvent vapor from the viesse
can be calculated using Equation (11).
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Equation (11):E,_ =— [1— e V)
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Where

E..i are the moles of component i that are emitted fiplacement,
P.1 is the saturated vapor pressure of componentnitél conditions,
V is the gas space volume of the vessel when empty

R is the ideal gas constant in consistent units,

T is the temperature of the liquid being charged,

F is the purge gas flow rate,

T is the elapsed time for the purge operation.

Depressurization Operations

When a vacuum pump is used to reduce the openatesgure of a process vessel (containing solvent)
from atmospheric pressure down to the desired vadauel then emissions will occur through the
vacuum vent. As the pressure falls from its ihigael down to the target level, solvent liquidtive
vessel evaporates as it must maintain saturateat yepssure conditions. Therefore, the partiadsuee
of the solvent is considered to maintain a constahte since the operation is generally isothetanal

the partial pressure of the noncondensable gasyetess in conjunction with system pressure. The
moles of solvent vapor that are emitted from a éggurrization operation are calculated using Eqoatio
(12).

Equation (12) nivout = %m[ pnc,l]

nc,2

Where

o« = Moles of volatile component i leaving the vessel

p; = vapor pressure of component i,

P.: = partial pressure of the noncondensable compatenitial conditions,
P.. = Ppartial pressure of the noncondensable compatdintal conditions,

\% = vessel headspace volume,
T = system temperature,
R = is the Universal gas constant.

Heating Operations

Emissions occur from heating operations. As thgerature in the vessel increases from an initial T

to a final T,, gases in the headspace leave the system thrbegindcess vent. If the heating takes place
in a temperature range that is well below 10°C ftbmsolvent boiling point then most of the emissio
occurs because of the effect that the temperagegdias on the molar capacity of the headspadbe If
heating takes place within 10°C of the solventibgipoint then most of the emission occurs becatise
the effect that the temperature rise has on theesblvapor pressure. This shift in the primary
mechanism of the emission complicates the derimaifca mathematical solution. Equation (13)
calculates the solvent emissions from heating esliffierence between the moles of solvent that




vaporized into the headspace during the heatingf (Brm) and the moles of solvent vapor that reethi
in the vessel at the conclusion of the heatingoiseéderm).

Equation (13):E, o = Noy In(MJ ~(n,-n vl)vessel

pnc,z
Where
Eocion = moles of volatile component i leaving the vessel
Nag = average gas space molar volume during the lggatin
Prea = partial pressure of the noncondensable compatéertt,
Prez = partial pressure of the noncondensable compatert,
M1 = moles of condensable component in the vesselshage at T1,
ni 2

= moles of condensable component in the vesselspaae at T2.

VENT DEVICES

Single Stage Vent Devices: Condensers, Vacuum Pusyand Vacuum Steam Jets

Depending upon processing and environmental neeglsyal devices are available to the chemical
operator that can be installed in the process pati.

Vacuum pumps and/or steam jets are a normal partyoprocess that operates under vacuum
conditions. The boiling point temperature of aigyid is a function of the operating pressure. The
lower the operating pressure, the lower the boitiaot temperature that the liquid will exhibit.
Therefore, distillation and evaporation operatioas be performed at much lower temperatures when
the process is operated under vacuum conditionsvel operating temperatures enable the process to
be run with higher product yields while at the sdme fewer impurities in the process.

Vacuum pumps are mechanical devices that operateipyof an impeller or a set of veins that
rotate at a high speed within a specially desigraeing. Vacuum steam jets operate based on the
venturi principle where steam or water is allowedow through a nozzle and into an expansion
chamber of increasing cross sectional area. Vadswneated by the negative change in fluid
momentum.

A vent condenser is one of the most commonly usettds for recovering solvent from process
vent gases while at the same time reducing airgams. Vent condensers are normally installedhén t
vent path at a point which is nearest to the pmc&olvent which has been recovered in this manner
can be directly or indirectly recycled to the prexe Therefore, vent condensers help the chemical
operator to minimize the amount of fresh solveat thust be purchased for the facility.

During normal operation, single stage vent devigese an exit gas stream and an exit liquid
stream. The term ‘Single Stage’ is used to desdhlk assumption that the exit liquid stream aed th
exit gas stream are in equilibrium while at the saime the material balance around the device is
satisfied. In the case of a vent condenser, thdiguid stream consists of condensate and thegad
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stream consists of noncondensable components cethhiith any solvent vapors that did not condense
at the operating temperature. In the case of aurag@ump, the exit liquid stream consists of any
working fluid (water, oil, ...) and dissolved compaote from the inlet process stream. The exit gas
stream from the vacuum pump consists of noncondémsamponents (air, nitrogen, ...) combined

with vapors from the working fluid and/or the prese In the case of the vacuum steam jet, the exit
liquid steam consist steam condensate and dissobtegonents from the process. The exit gas stream
from the vacuum steam jet consists of noncondeasadvhponents and residual vapors from the process
and from the steam condensate.

When noncondensable gas components such as airagem are present in the inlet stream then
the assumption is made that only a negligible gtyaistsoluble in the exit liquid stream and th@0%
of the noncondensable component leaves the vertedBy way of the exit gas stream. This
assumption enables one to directly solve for theemof noncondensable gas that are contained in the
exit gas stream since they are equal to the mbésntered the vent device from the process.

If the inlet stream to a vent condenser contairtg one condensable component and a
noncondensable component then the solution togh#ilaium problem is readily found. The operating
temperature and pressure of the vent condensaoisrkand the vapor pressure of the condensable
compound can be calculated using the ClapeyromiAat or comparable vapor pressure model. The
emission rate of the condensable component fromehecondenser can be calculated by multiplying
the moles of noncondensable component times thelgaressure ratio of the condensable component
to the noncondensable component as shown in Equdi#). Three illustrations are provided in Settio
4 of Chapter 16 that features a condenser witlmlehfieed consisting of a single condensable
component and noncondensable component nitrogen.

Equation (14):n, = nnci

nc

Where
M = moles of condensable component i being emitted,
e = moles of noncondensable component leaving tbesy
P = partial pressure of condensable component i,
Pre = partial pressure of the noncondensable component

Rachford-Rice Method

If the inlet stream from the process is free ofamrdensable components (air or nitrogen) and it
contains two or more condensable components thigrttua overall material balance around the vent
condenser will be known. Equilibrium for the veoihdenser calculated using the Rachford-Rice
equation where component vapor pressures are atdulising the Newton convergence procedure.
This might be the case for a partial condenser atter objective is to isolate and recover process
material from highly volatile compounds. The réisig exit gas stream from the partial condenser
might be sent to a thermal oxidizer for destructi@ection 4 presents one illustration where the
Rachford-Rice equation is applied. Once Equatidy) bas been solved by trial and error then the
component material balance of the exit gas anddigtteam can be determined. The reader is referre
to Section 4 of Chapter 16 for a more detail preegean of the Rachford-Rice solution procedures.
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(K, -1) 7

Equation (15): fM)=Z1+(K. VIF =0

Where
K. = ratio of the molar concentration of componieintthe gas and liquid phases,
z = molar concentration of componenh the inlet feed stream,
\% = moles of exit gas stream,
L = moles of exit liquid stream.

Modified Rachford-Rice Method

For the typical vent device application, the idgtam from the process contains a noncondensable
component such as air or nitrogen and two or monelensable components. The presence of the
noncondensable component in the system causesmmtibal division by zero problems using the
Rachford-Rice equation and so alternative methodsitculate a solution had to be developed.

The Rachford-Rice equation can be algebraicallyimdated in such a way that tlﬁleii —1)

term becomes inverted a (K. _1). The left side of Equation is used for the corsddahe components

and the right side of Equation is used for noncasdble components. Equation (16) is solved in a
similar manner as Equation (15) using the Newtanveagence procedure.

C. Z Cre Z.

. . \4 = : + ]
Equation (16): f(Ej = ;]/(Ki ~1)+V/F ;V/F

Where:

Vv = Exit moles of gas leaving the vent device,

F = Moles of feed to the vent device,

z = mole faction of condensable componieintthe feed stream,

Z, = mole faction of noncondensable componeéntthe feed stream,

K, = mole fraction of componenin the exit gas stream divided by the mole fractio
component in the exit liquid streanfy, /x, ).

C. = number of condensable components in the system,

C.. = number of noncondensable components in therayste

Partial Pressure Correction Method

A second approach was developed for solving theicoahponent single stage equilibrium problems
with noncondensable gases present. In the ppreakure correction method the moles of each
condensable component are split between the guitliand gas phases as shown in Equation (17).
100% of the noncondensable component is assignibe texit gas phase. The partial pressure of each
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component is calculated from the molar compositibthe gas phase using Dalton’s Law and from the
liquid phase using Raoult’'s Law (with activity cbefents if needed). The difference between the tw
partial pressures for each component is calculatédjuation (18). The fraction of each component i
the liquid phase is adjusted using Newton-Raphsowergence until the two partial pressure
calculations for each component agree as shownuation (17).

Equation (17):n,. =n, +n,,

Where:
n. = moles of componetn the feed stream,
n,. = moles of componentin the exit liquid stream,
n, = moles of componentn the exit gas stream.

Equation (18): f(n)) = p, . — Py
Where:

p,. = partial pressure of componertalculated from the liquid stream,
P,y = partial pressure of componertalculated from the gas stream molar
composition.

Equation (19): Mok =MLk~

Where:

N = moles of componentin the exit liquid stream at iteration Kk,
N 1 = Moles of componentin the exit liquid stream at iteration k + 1.

The partial pressure correction method is appleskteral worked illustrations contained in the
Chapter 16 document.

lllustration Description

#4-6 Vent condenser featuring a miscible threepmment (methyl chloride, n-hexane, and
toluene) condensate.

#4-10 Liquid-ring vacuum pump involving a singiguid phase multicomponent
condensate. The liquid-ring vacuum pump uses veaterworking fluid. Three
miscible components from the process vent are pesckthrough the pump. Portions
of each component remain with the working fluid {graand the remainder is
emitted in the discharge air stream.
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Material Balance Correction Method

A third approach to the multicomponent single segjailibrium problem with noncondensable gases
present is the material balance correction metAdte moles of each condensable component are split
between the exit liquid phase and the exit gasephashown in Equation (20). 100% of the
noncondensable component is assigned to the explygse. The partial pressure of each component is
calculated from the liquid phase composition ustagult’'s Law (with activity coefficients if needed)
The moles of each condensable component in thplgese are calculated from the moles and partial
pressure of the noncondensable gas in the gas.phase

The moles in the liquid phase are added to theutzdkd number of moles in the gas phase for
each component. The ratg between the calculated total moles and the antbahentered the vent

device is calculated for each condensable comppkegun@ation (20).

. ni L + r]i \Y
Equation (20): ————=¢

rli,F
Where:
n,. = moles of componentin the exit liquid stream,
n, = moles of componemtin the exit gas stream,
¢ = ratio of the calculated total moles and the m@letering the vent device for

component.

For component, if the total calculated moles in the liquid arabghases are greater than the
amount in the inlet stream¢g > 1.0 ) then it implies that the moles of compdnen the liquid phase is
too high and need to be adjusted lower. On therdtand, if the calculated molar quantity of
component in the exit liquid and gas phases is less thambles ofi entering in the inlet feed stream (
¢ < 1.0) then it implies that the exit liquid stne@oes not contain enough of componeatd that this

amount should be increased as shown in Equation (21

: . - ni,L,k
Equation (21):n;  ,,, =——

1,k

Where:
N = moles of componemtin the exit liquid stream at iteration Kk,
N w1 = Moles of componenmtin the exit liquid stream at iteration k+1,
¢, = ratio of the calculated total moles and the m@etering the vent device for

component for iteration k.

The material balance correction method is appleskiveral worked illustrations contained in
the Chapter 16 document showing its versatility.
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lllustration Description

#4-7 Vent condenser featuring a miscible threepmoment (methyl chloride, n-hexane, and
toluene) condensate.

#4-8 Vent condenser featuring a single liquid pha@ndensate with two component
azeotrope (ethyl acetate and ethanol).

#4-9 Vent condenser involving a condensate with itwmiscible liquid phases (toluene
and water).

CONCLUSION

In this article many of the key emission calculatinodels featured iglIP DocumentChapter 16:

Methods for Estimating Air Emissions from Chemical Manufacturing Facilities have been reviewed.
These basic rudimentary process models provideradtttion for assessing the air emissions that
manufacturing operations across different industnigve. A recently added section on single stagé v
devices with worked illustrations has helped byjimg mathematical procedures that can be used for
calculating the air emissions from vent condenseasyum pumps, and vacuum steam jets.

From most of the emission calculation models @asy to see how the quantity of VOC, HAP,
and other compound emissions are related to thetityuaf air or nitrogen that exits the processtigh
equipment vents. Therefore, process changeseaadttd reductions in air and nitrogen emissionslavou
significantly impact the air pollution emissionsiin manufacturing operations. When single stagé ven
devices (vent condensers, liquid-ring vacuum purapgacuum steam jets) are studied, it can be seen
how the presence of air or nitrogen in the systesatty influence the capture efficiency of the
condensable components. For example, if the stiteam to a vent condenser contained no
noncondensable components then the capture efficigithe condenser would be 100% and there
would be zero emissions. This is because air amitfmgen act as carrier gases and solvent vagmrs
along for the ride as shown in the ideal gas ldati@ship, Equation (7). Achieving this goal @tn
completely realistic but the importance of thissmand effect relationship provides insight thdp he
engineers to design processes and facilities tkeanare air tight and provide greater operating
efficiency.

It was also seen how the method that is used todate volatile components into a vessel can
dramatically change the emission levels for thegss. If the subsurface addition procedures are
applied to the process instead of above surfacéi@ugrocedures then the resulting air emissions
would be significantly reduced. One illustratidroeed how the emissions of a VOC were reduced by
approximately 70% simply because subsurface addiinciples were used.
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